Abstract. The remarkably strong radar echoes from the summer polar mesosphere have been an enigma to atmospheric and radar scientists since their discovery more than a decade ago. Since then, more sophisticated radar experiments and in situ rocket measurements have shed some light on the underlying physics and chemistry, and theories have been formulated to explain the generation of the intense radar backscatter and the remarkable physical conditions associated with it. First, we review the key observations and examine the proposed theories. We then evaluate the progress that has been made in understanding this phenomenon and explore its connection to global change, to the newly recognized material referred to as a dusty plasma, and to the highest clouds in the Earth's atmosphere. Finally, we end with suggestions for future research.
INTRODUCTION
The mesosphere, an atmospheric region of decreasing temperature with increasing height, is a particularly difficult region of the atmosphere to observe.
Located between about 50 and 90 km in altitude, above the stratosphere and below the thermosphere, it is much too high for airplanes and balloons but too low for orbital satellites to pass through; the only alternative for in situ sampling has been the launching of the occasional rocket. Active remote sensing from the ground has only been possible since the development of powerful radars and, more recently, lidars. General public awareness of the mere existence of the mesosphere is low even today. Because of the historical dearth of interest and information in this layer of our atmosphere, some pundits have dubbed it the "igno- treated to occasional summer displays of "shining night clouds" that were, from the beginning, recognized as being different from other clouds [Backhouse, 1885] . In 1887, photographic triangulation determined the height of the clouds to be 82 km [Jesse, 1887] . All of a sudden, evidence concerning the thickness of the atmosphere, which had previously extended only up to nacreous clouds at about 30 km, more than doubled in height. Furthermore, the so-called noctilucent cloud (NLC) revealed wave and billow structures which were presumably representative of the motions of the ambient air. Interesting dynamics were going on way up there which scientists now had a way of watching. flict with the predicted values in sign and magnitude [Balsley and Riddle, 1984; Meek and Manson, 1989] .
The third question regarding the polar summer mesosphere, i.e., why are radar waves scattered so much from there, does not have an established answer as the first two do and is the subject of this review paper. The resolution of this scattering problem has, in turn, resolved the conflict between the measured and predicted mean vertical flow in the mesosphere.
The MSI Radar
Most people are aware that radar was developed during Word War II as a military tool for detecting and estimating the range of airborne targets. What is less known is that the basic principle of using radio wave reflection to determine the distance of the reflector was invented much earlier by Sir Edward Appleton to determine the height of the ionized region in the upper atmosphere [Appleton and Barnett, 1926] , one of the key contributions which led to Appleton's Nobel award in 1947. Thus from the beginning, radars have been intimately connected to observations of the atmosphere.
Most people are also aware of the current use of radars by meteorologists to map out regions of cloud cover and precipitation. Most, however, do not know that a handful of extremely powerful radars can routinely take measurements of the ionosphere by detecting the backscatter from inhomogeneities in the radio refractive index due to the thermal fluctuation of free electrons, a surprising capability known as incoherent (or Thomson) scatter radar which was first predicted by Gordon [1958] and realized by Bowles [1958] .
But Woodman and Guillgn [1974] , using one of these powerful radars built to study the ionospheric plasmas, the Jicamarca radar in Peru, showed that they could also detect backscattered signal from virtually the entire atmospheric height range even without the presence of ionization, as long as there was enough inhomogeneity in the radio refractive index. This type of radar scatter is called coherent scatter, and the class of radars capable of making measurements throughout this atmospheric range is called the mesosphere-stratosphere-troposphere (MST) radar. The radio refractive index is dependent on bound electrons in water vapor in the lower troposphere, bound electrons in dry air in the upper troposphere and stratosphere, and free electrons in the mesosphere. Variations in the refractive index are generated by turbulence and stratification of the air, which introduce inhomogeneities in the electron distribution.
Because the radio wave is almost entirely scattered by refractive index structures with a dimension equal to the radar half-wavelength (known as the Bragg scatter condition), most MST radars operate in the VHF (very high frequency) band. This choice best matches the radar Bragg scale to the inertial subrange of clear air turbulence (the length scales at which turbulence can exist) which is the most important contributor to the creation of refractive index fluctuations in the middle atmosphere. Thus UHF (ultra high frequency) radars with their shorter wavelengths are not suitable for MST use because their Bragg scales fall in the viscous subrange of turbulence (the length scales at which the air fluctuations are dissipated by viscosity) in the mesosphere and stratosphere. However, as the kinematic viscosity increases with height, in the upper mesosphere even a VHF radar operates in the viscous subrange and therefore is not expected to observe strong radar echoes.
Therefore one of the most surprising discoveries that researchers have made using MST radars is PMSE. The nearly continuous set of observations made between February 1979 and June 1985 by the
50-MHz
Poker Flat radar in Alaska first revealed the nature of polar mesospheric echoes and showed that the summer echoes were remarkably different from both wintertime echoes and echoes detected at other latitudes [Ecklund and Balsley, 1981] . The principal characteristic that has puzzled researchers to this date is the enormous radar backscatter cross section exhibited by this region of the atmosphere. Mesospheric echo powers from nonsummer seasons and nonpolar latitudes are orders of magnitude smaller than the polar summer case and can be readily explained by electron density inhomogeneities created by turbulence, which in turn is generated by breaking gravity waves RCyrvik and Smith, 1984] . The same explanation cannot be directly applied to PMSE because at the altitudes at which they occur, the viscous cutoff scale of the neutral air turbulence is much larger than the radar scattering length, which means that the turbulent energy would have been dissipated by viscosity without creating significant structures at the radar scattering scales. The result is that only the huge Jicamarca radar in Peru is capable of detecting 50-MHz echoes at, say, 85 km. Clearly, there must be something extraordinary happening in the summer polar mesosphere that drastically enhances the radar scattering process. Because of their high frequency of occurrence and large backscattered power, PMSE allow us to observe the dynamics of the polar summer mesosphere even with relatively small radars such as the Max Planck Institute's sounding system (SOUSY) and the Cornell Reid, 1990] . Since the gravity waves are often in the largeamplitude saturation regime, they provide a rich laboratory for the study of complex, nonlinear behavior. These topics will not be covered in detail in this paper.
PMSE research is currently very active, and there are many puzzles left unsolved. Therefore this review does not purport to be an authoritative explanation of PMSE nor even a comprehensive evaluation of all the work that has been done. Rather, it is meant to be a middle-of-the-term review that will bring together the different aspects of PMSE research and evaluate where we have made progress and where more work needs to be done. We hope it will also stimulate the interest of atmospheric and radar scientists unfamiliar with the subject and encourage their future contribution. With such thoughts in mind we have tried to keep the length relatively brief and free of equations. To place this review in the larger context of middle atmosphere radar studies, we refer the reader to an excellent article by R6ttger [1993] . The organization of the paper is as follows: A summary of the existing data is provided which is followed by a discussion of the theories which have arisen to explain these data. A summary and discussion will follow, then suggestions for future research concerning the unanswered questions will conclude the paper. [Gadsden, 1975] . These apparent differences suggest an interpretation of PMCs as a "nursery" of NLCs [Gadsden and $chr6der, 1989] . NLCs may consist of large particles that occasionally develop from the embryonic PMC aerosols and are blown equatorward by the prevailing winds. Whatever the precise situation is, in this paper we will simply refer to the clouds as NLCs in keeping with the more historical nomenclature. , and by the CUPRI 46.9-MHz radar data taken from Esrange, Sweden [Cho, 1993] . One point to keep in mind while viewing nonscanning radar data is that apparent changes in the scattering structure are due to both the time evolution of the structure itself and advection of the structure through the radar beam by background winds. Range-timeintensity plots must be interpreted with this in mind. The top panel of Plate 1 is an example of such a plot produced from CUPRI data. Note that individual scattering structures can be thinner than the height resolution here of 300 rn (perhaps even less than 100 rn according to Franke et al. [1992] reported a low correlation between PMSE power and the ambient electron density level, whereas they showed that the winter echoes are highly dependent on precipitation events. The short-term variability in the summer is thought to be the result of "blobs" or "crinkled" layers being advected horizontally through the radar volume. In general, ionization enhancement due to precipitation can further "illuminate" already existing PMSE layers such that the overall signal increases. However, the baseline solar ionization level during the summer (the Sun is continuously shining on the mesosphere) seems to provide enough electron density around the clock such that observation of PMSE is not dependent on extra electrons produced by precipitation events (at least for the more sensitive of the VHF radars). Early theories concerning the production of radar scattering structures in the summer mesosphere centered on the instability of atmospheric tidal modes and gravity waves. Enhanced radar backscatter was thought to be caused by regions of intense turbulence produced by regions of instability.
Although it is tempting to
Balsley et al. [1983] proposed that the shear instability of tidal modes was the dominant source of tur- 
Radar Frequency Dependence
Because the inner scale of the neutral gas turbulence is of the order of tens of meters, it was surprising enough that a 50-MHz (3-m Bragg scatter length) radar would detect such strong echoes from the mesosphere. that the evolution and spatial structures of PMSE at those frequencies were very similar (see Figure 6 ). Thus the same radar-scattering mechanism is likely to be producing PMSE at those frequencies. Figure 7 shows a comparison of CUPRI and EIS-CAT 933-MHz data taken simultaneously. At the higher frequency, the EISCAT radar is normally expected to detect only incoherent scatter with the echo power dependent almost solely on the electron density. In the left-hand panels the normal incoherent scatter dominates and the EISCAT profile can be interpreted as electron density, while the CUPRI profile shows an obvious PMSE layer. Note the dip in the EISCAT signal-to-noise ratio (SNR) profile at 85 km that corresponds to the peak in the CUPRI SNR. Such "bite-outs" in electron density have also been measured by rocket probes (see the "comparison with rocket measurements" subsection below). In the panels on the right side of Figure The spectral widths from coherent scatter radars can yield information regarding the scatter/reflection mechanism. In short, radar scatter from a turbulent medium has a spectrum with a width that is correlated with the turbulence energy. In other words, the more turbulent the medium is, the greater the spread in Doppler velocities. (This is a simplified explanation, since other spectral broadening factors must be taken into account before the extraction of turbulence information from the spectral width [Hocking, 1985] .) Fresnel reflection or scatter generally produces a narrower spectrum than turbulent scatter and points to a medium that is coherent in the plane perpendicular to the radar beam. Figure 8 is we see little correlation with the coherence time. In fact, at the upper range gates the coherence seems to decrease as the echo strength increases. This is a fairly typical example at 224 MHz. Examination of data from a different radar, such as the 46.9-MHz CUPRI, also shows that backscattered power can range over many decibels while maintaining a rather constant spectral width, i.e., a constant apparent turbulence intensity.
Aspect Sensitivity
Another piece of evidence for the complexity of the echoing process is the dependence of the echo power on the pointing direction of the radar beam. Czechowsky et al. [1988] noted that the backscattered signal level at 50 MHz decreased for antenna beams pointed away from the vertical (Figure 9) . If the classic homogeneous isotropic turbulence of Kolmogorov [1941] were responsible for the radar echoes, one would expect the scattering structure to be isotropic, and hence the scattered power should not depend on the direction of the radar beam. Because the aspect sensitivity is centered around the vertical, i.e., gravitational, axis and since the echo structures are horizontally layered, one can infer that stratification plays an important role in the formation of PMSE layers and their scattering properties. showed that the Stokes drift would be about an order of magnitude smaller than the measured mean velocity for a realistic spectrum of gravity waves rather than the monochromatic wave used by Coy et al. [1986] . Hall [1991] also considered the effect of tilted scattering layers advected by horizontal winds projecting an apparent vertical velocity onto the radar Doppler measurement. He rejected this idea after failing to find evidence for a correlation between the preferred gravity wave horizontal propagation direction and the mean horizontal velocity vector in the Poker Flat data.
After rejecting a number of other effects as well, Hall et al. [1992] proposed that the radars have been measuring the fall velocity of charged ice aerosols that may also be the key to the generation of PMSE (see theory section for explanation). This mechanism has the advantage of turning off during the nonsummer seasons when the temperature gets too high for the particles to form, thus matching the observed seasonal behavior. However, it is not clear whether this idea could explain the mean downward flow observed by the Saskatoon MF radar [Meek and Manson, 1989] which, at the longer Bragg scale, may or may not be affected by the charged aerosols.
Stitt and Kudeki [ 1991] suggested that the distortion of waveforms in large-amplitude gravity waves can cause preferential sampling of certain phases of the velocity field. In general, velocity measurements by MST radars in the presence of waves is currently a topic of active debate. A more quantitative study needs to be conducted to evaluate whether such effects are important in the case of PMSE.
Summary of Observations
We list below a summary of the pertinent points from the observations.
1. In the polar summer mesosphere, the VHF radar cross sections are enormously enhanced relative to those in other seasons and latitudes.
2. Rocket measurements show that in the PMSE layers, the electron density has structures well below the viscous cutoff length scale of the neutral gas. 3. The range of occurrence of PMSE in space and time corresponds well to the cold summer mesopause. In the same region, large ions and aerosols form due to the uniquely low temperatures. 4. Very steep gradients and "bite-outs" in the electron density are often observed in PMSE regions by rocket probes and the EISCAT UHF radar.
5. Semidiurnal periodicities in PMSE strength are apparent, and specific cases have been observed in which regions of maximum echo power corresponded to an unstable phase of tidal modes and long-period gravity waves.
6. Short-period gravity waves are often observed to be steepened, tilted, and sometimes saturated with height.
7. PMSE at 50 MHz are reported to be aspect sensitive with respect to the vertical. Observation 2 is the direct explanation for observation 1. However, observation 2 itself is a puzzle that so needs an answer, and a large portion of the following theory section will be devoted to possible solutions which revolve around item 3 and may also have a role in explaining 4. Items 5 and 6 suggest that turbulence does exist in the summer mesosphere and affects the generation of PMSE; however, 7 and 8 imply that the turbulence, in general, is not the only, or perhaps even the key, element in producing PMSE. Observation 9 suggests that PMSE may be clearly divided into two categories (turbulent and nonturbulent), and observation 10 hints that PMSE at UHF may be fundamentally different from PMSE at VHF.
THEORIES OF PMSE
A radio wave traveling in a vacuum will keep going forever, undisturbed, barring any general relativistic effects. However, a perfect vacuum is rarely encoun- believe that PMSE observed by UHF radars may be generated by a different mechanism than those detected by VHF radars. We will first examine the theodes that have been developed for the VHF data.
VHF PMSE
The existence of electron density structures can be thought of as a continuous struggle between the generation mechanisms and the ever present diffusive dissipation (see Figure 12 ). Diffusion acts preferentially on shorter length scales, so in general it is harder to maintain smaller structures. Hence the central problem of PMSE: what anomaly allows the maintenance of electron density inhomogeneities at smaller scales (i.e., the radar Bragg scales) than are normally possible in the mesosphere? The short answer is that either (1) the generation of structures is enhanced or (2) the electron diffusivity is reduced, or possibly both.
Enhanced generation mechanisms. Generation of electron density structures in the mesosphere can be due to the following mechanisms: (1) dynamics of the neutral gas, (2) chemistry, and (3) electrodynamics. Magnetic field effects can be ignored because of the high collision frequencies and because the PMSE structures are not dependent on the magnetic field direction.
Early theories focused on the effects of neutral dynamics on the electrons because there are so few electrons in comparison with the neutral molecules; the electrons were assumed to be passive tracers of the neutral gas. Balsley et al. [1983] attributed the generation mechanism to turbulence produced by shear instability of tidal modes. They did, however, realize that the intensity of typical turbulence is not great enough in the summer mesosphere to account for the observed radar cross sections, a point that was confirmed by later measurements with the EISCAT and As for PMSE, the most favored scenario has been that of weak turbulence coexisting with vertically steep, horizontally coherent structures in the electron density, i.e., a combination of weak turbulent scatter and Fresnel scatter. Such a picture is supported by the following evidence: (1) billows in noctilucent clouds [Witt, 1962] and saturating gravity waves [Fritts, 1988] imply that turbulence exists near the summer mesopause, (2) radar spectral widths indicate mostly weak turbulence [Watkins et al., 1988; R6ttger and La Hoz, 1990 ], (3) radar aspect sensitivity shows isotropy (weak, background turbulence) at large angles and a sharp fall-off in backscattered power with increasing zenith angle at small angles (Fresnel scatter) , and (4) simultaneous rocket and radar data often show sharp edges in the electron density profile sometimes with and sometimes without fine structure . Even so, we still need a plausible mechanism that can create coherent structures at the short radar Bragg scales; stratification of the neutral gas alone is not likely to produce such sharp features.
More recently, however, evidence has been accumulating that PMSE can be instigated separately by both isotropic turbulence and Fresnel scatter on dif- Gravity waves can produce local minima in the vertical temperature profile where enhancement of electron recombination, water cluster formation, and nucleation of ice aerosols can take place. The direct effect of the waves on the electron density is largescale, i.e., of the order of their vertical wavelengths [Sugiyama, 1988] , and not likely to cause radar scatter, but R6ttger and La Hoz [ 1990] have suggested that the ice particles while in the updraft phase of a wave may undergo a charge separation process akin to those in tropospheric convective clouds, which can develop electric fields and electron density fluctuations at short scales. In fact, there has been a rocket measurement of a dc electric field inside a noctilucent cloud [Goldberg, 1989] . As we shall see later in this section, the presence of charged aerosols is likely to be a key condition for PMSE occurrence, so the gravity-wave-produced local temperature minima may explain certain behaviors of PMSE such as two layers tracking each other over time. Unfortunately, the theory for aerosol charging in the mesosphere is not well developed, and relevant laboratory measurements are practically nonex- There is one more idea: the presence of dust is known to lower the threshold for shear instability onset in gases. However, the ratio of dust to air mass density must approach an appreciable fraction of unity for this effect to become important -• (k -3 for a three-dimensional spectrum) [Batchelor, 1959] , a prediction that has been confirmed by experiments [Gibson and Schwartz, 1963] . As a result, structures in the electron density would be maintained to smaller lengths, i.e., the VHF radar Bragg scales. As an aside, we would like to add a cautionary note to the calculation of the viscosity in the cold summer mesopause. The temperatures there may get so low that commonly used expressions, such as Sutherland's formula and empirically determined temperature power laws which are employed to calculate viscosity, can become inaccurate. For example, the viscosity formula used by Banks and Kockarts Note that a reduction of electron diffusivity also increases the probability of the maintenance of steep vertical gradients in the electron density necessary for Fresnel scatter and reflection. For significant echoes to be produced by a Fresnel-type mechanism, the vertical structure itself must be of the order of the radar Bragg scale [Woodman and Chu, 1989] . Thus independent of whatever mechanism that produces the sharp gradients, it seems likely that reduced electron diffusion is a requirement for preserving the structures at the short Bragg scales.
But what mechanism peculiar to the polar summer mesosphere could be slowing down the electron diffusion? Kelley et al. [1987] suggested that the presence of heavy hydrated ions (H+(H20)n) could "drag" Charged aerosols have also been implicated in causing the electron density bite-outs often observed by rocket probes near the summer mesopause [Bj6rn et al., 1985] . The idea is that a thin layer of small, subvisible aerosols scavenge electrons to form the sharp depletion. Reid [1990] showed that because of the limitations of total available water, ice particles with radius -•0.01 Ixm and number density of the order of the electron density were required to form the deep bite-outs. These numbers are consistent with the enhancement of coherent radar echoes via a raised Schmidt number with charged aerosols described above, an agreement that is further supported by the frequent observation of electron density depletions in the region of PMSE.
There is some evidence, however, for the existence of positively charged aerosols. Haynes et al. [1990] pointed out that dc Langmuir probes, which are mounted on rockets to measure the electron density fluctuations, can be fooled into observing a depletion if positively charged particles too massive to be deflected by the positive device potential ram into the probe. This is one explanation for the observation of Inhester et al. [1990] in which a Langmuir probe and an RF capacitance probe carried on the same rocket showed a large discrepancy in the electron density depletion region: the former measured a much deeper bite-out than the latter, which would not have been affected by a ram current of heavy positive particles. On the other hand, the bombardment of the Langmuir probe by massive aerosols may be energetic enough to trigger secondary electron emission, which would also explain the apparent depletion.
We have examined the effect of charged aerosols on coherent radar scatter through the turbulent scatter theory mainly because a quantitative approach has been established. Returning to the observations, however, it is apparent that Fresnel-type scatter also plays an important role in PMSE. A reduced diffusion theory analogous to the one outlined above will need to be developed, as it is intuitively clear that the retarding of electron diffusion will enhance the likelihood that sharp gradients in their density will be maintained.
UHF PMSE
In addition to increasing radar scatter by reducing the electron diffusivity, charged aerosols can also enhance radar scatter by introducing inhomogeneities in the ambient ionization solely due to their own charge. Historically, this phenomenon was first discussed in the context of plasma waves in dusty plasma and was called "transition scattering The uniquely large radar cross sections in the polar summer mesosphere occur as a result of anomalously increased structuring in the electron density at the radar Bragg scales. Experimental work using simultaneous rocket and radar measurements was the first step taken in understanding the nature of PMSE. The next step was explaining the creation and maintenance of the small electron density structures, and we have a strong candidate in the reduced diffusivity (raised Schmidt number) theory of charged aerosols. It appears that this mechanism has enough leverage to account for the observed VHF radar cross sections by itself. Small, subvisible ice particles with low negative charge and number density of the order of the electron density are the likely culprits, especially since they can also cause the electron density depletions and bite-outs often observed simultaneously with PMSE. Another factor favoring small aerosols is that the average height of PMSE (86 km) seems to be markedly above that of noctilucent clouds (83 km) [Gadsden and Schr6der, 1989] PMSE observed by the UHF radars can be explained either by reduced diffusion coherent scatter (by pushing the various parameters to the upper limits) or by dressed aerosol scatter. In either case, highly charged aerosols are necessary (in the first case, large size also), and thus one would not expect a high frequency of occurrence. A very fine spectral resolution UHF radar mode should be used to look for the extremely narrow spectra that are predicted for dressed aerosol scatter. Also, a simultaneous, co-located observation with radars of at least three frequencies (two VHF and one UHF) would be highly desirable in determining the exact frequency dependence of PMSE.
Assuming that the dependence of PMSE on charged aerosols is indeed crucial, then one of the great unknowns is the compositions, sizes, numbers, shapes, orientations, and charge states of the aerosols. Optical methods such as spectrophotometry and polarimetry have given us some information regarding the larger particles, and rocket-borne mass spectrometers have been successful in measuring ion compositions. However, we know very little about the intermediate-size regime, including meteoric dust and embryonic ice cloud particles, and the charge states of the aerosols are virtually unknown. Collection of aerosols by rockets has been attempted several times but without very conclusive results [see Gadsden and $chr6der, 1989 ]. More clever in situ experiments need to be devised in order to further our understanding of these particles. Unfortunately, laboratory results are also very sparse, as the summer mesopause is an especially complex region to imitate.
The initial data from the recently installed VHF radar on the Palmer Peninsula in Antarctica surprisingly showed no signs of PMSE (Balsley et al., 1993) . Also, satellite observations of polar mesospheric clouds, which are believed to be basically the same phenomenon as the ground-observed NLCs, indicate brighter clouds in the north than in the south [Olivero and Thomas, 1986 ], which implies a warmer or drier mesopause in the south. Could the asymmetry between the Arctic and Antarctic mesopause be so great as to introduce a PMSE gap? This is an intriguing question with implications concerning the global circulation, coupling between atmospheric regions, and radiative balance that require further exploration.
One final note concerning global change: NLC observations are absent from the historical record before 1885, and systematic observations in the last 2 decades have revealed an increase in their frequency of occurrence [Gadsden, 1990] . If the long-term increase in cloud formation is real, it is probably due to (1) increase in the water vapor or (2) decrease in the temperature. Thomas et al. [1989] opted for the first pos-sibility and argued that the anthropogenic increase in methane gas (the oxidation of which in the stratosphere is an important source of water in the middle atmosphere) was responsible for the cloud increase. Gadsden [1990] noted that the second possibility was just as likely. We point out, however, that Roble and Dickinson [1989] have predicted a cooling of the mesopause with an increase in carbon dioxide and methane using their global upper atmosphere model. Therefore it is very likely that anthropogenic effects on both mechanisms are working together to increase the cloudiness in the summer mesopause. Assuming that this is indeed the case, then PMSE could also be useful as an indicator of global change. According to the current theory, PMSE are dependent on the presence of charged ice aerosols, which are in turn sensitive to the temperature and the water mixing ratio. Therefore changes in those parameters should be observable as changes in the radar echo characteristics such as the intensity, length and frequency of occurrence, average altitude, and latitudinal distribution. Currently, there are no VHF radars in the polar region operating on a continual basis, but fortunately the high strength of PMSE allows relatively small and inexpensive radars to study them. We highly recommend that such a system be put into operation.
